Neuroblastoma (NB) is the most common childhood cancer arising from the nervous system. Many high-risk neuroblastoma (HRNB) patients develop relapse after initial response to induction treatment and overall long term survival remains poor (less than 60%), emphasizing the need for new therapeutic approaches and more effective treatments. Combination therapies present a favorable approach to improve efficacy, decrease toxicity, and reduce development of drug resistance. Difluoromethylornithine (DFMO) has shown promise in recent clinical trials as a therapeutic agent in treating HRNB. Proteasomes are known to play an important role in tumor cell growth. Bortezomib was the first proteasome inhibitor shown to have anticancer activity clinically. In this study we explore the mechanistic and therapeutic effects of the novel drug combination of DFMO and bortezomib in NB. Cell proliferation studies demonstrated synergistic inhibition of NB cell growth. Bortezomib induced cleaved caspase-3 apoptotic pathway whereas DFMO induced a cytostatic effect on NB cells. Western blot analyses demonstrated down regulation of MYCN, LIN28 and NF-kB in response to DFMO and bortezomib, pathways that are important in cancer stem cells. A decrease in ATP-per-cell when treated with combination therapy suggests inhibition of glycolytic metabolism in NB cells. DFMO as a single agent or in combination with bortezomib significantly reduced tumor growth in xenograft mice. Given the lack of effective treatments, DFMO coupled with bortezomib offers a potential new therapeutic treatment for children with NB.
Introduction
The most common extracranial solid pediatric tumor, neuroblastoma (NB), is a heterogeneous malignancy that develops throughout the sympathetic nervous system from neural crest stem cells, often in the adrenal glands [1] . Characteristically, NB is responsible for 8% -10% of all cancer in children and 15% of pediatric cancer deaths, occurring most commonly in children between 0 and 4 years old [2] . More than 600 new cases of NB are diagnosed in children in the United States per year, of which, approximately 70% have metastatic disease [3] .
Due to a high rate of tumor relapse, less than 60% of patients with high-risk disease reach long-term survival [4] [5] .
High incidence of metastatic disease and relapse in high-risk NB is hypothesized to be due to the presence of cancer stem cells (CSCs) that have capacity to self-renew and initiate new tumor formation [6] [7] [8] . The existence of CSCs has been widely identified and described in leukemia and several solid tumors including breast, brain, pancreatic, liver, skin, and colon [9] [10] [11] . In regards to NB, researchers have isolated CSCs from NB tumors [12] , providing further support for new therapeutic targets of CSCs in NB in order to improve prognosis and reduce the rate of tumor relapse. New studies have shown that LIN28 has profound effects on normal and malignant stem cells through the posttranscriptional downregulation of the microRNA Let-7 via a double negative feedback loop [13] [14] . LIN28 protein promotes stem cell self-renewal and is highly expressed during embryogenesis, while expression of the protein gradually diminishes and disappears by adulthood [15] . High levels of LIN28 were found in a sub-population of cells with CSC properties in many cancer types [16] . The role of LIN28 in stemness of CSC is further supported by the findings that forced expression of LIN28 promotes the expression of CSC markers as well as the selfrenewal capability of CSCs, while knock-down has the opposite effect [17] [18] .
Enhanced expression of LIN28 was also shown to induce resistance to chemotherapy-induced apoptosis [19] [20] . Neural crest stem cells, the cells in which NB originally develops, express high levels of LIN28B during embryonic development [1] . LIN28 overexpression in neural crest cells leads to NB formation in mice [21] . Overexpression of LIN28 and its homolog LIN28B are common in NB and correlate with poor outcomes [14] [21] . The LIN28/Let-7 axis further regulates glycolytic metabolism through the regulation of the NF-kB inflammatory loop. NF-kB inflammatory loop interacts with LIN28 protein via a positive feedback loop, where overexpression of NF-kB factors p50 and p65 increase LIN28 protein. Due to the important role of the LIN28/Let-7 axis in glycolytic metabolism as well as the importance of glycolytic metabolic activity for the assembly of ATP in CSCs, manipulating the LIN28 and Let-7 pathway in cancer cells may provide novel therapeutic opportunities in cancer.
Polyamines, aliphatic cations that control DNA-protein and protein-protein interactions, have been found to play an important role upstream of the LIN28/Let-7 pathway [22] . Polyamine biosynthesis is directly regulated by orni-thine decarboxylase (ODC): a rate-limiting enzyme overexpressed in several NB patients and associated with poor prognosis [23] . The drug DFMO is a known inhibitor of ODC. Furthermore, three different NB patients enrolled in a DFMO clinical trial had reduced tumor metabolic activity as measured by Positron Emission Tomography (PET) scans after starting DFMO treatment with prolonged stabilization of disease [24] . Recent preclinical studies have shown that DFMO treatment reduced polyamine levels, reversed the LIN28/Let-7 axis, reduced glycolytic metabolism both in vitro and in vivo, and suggested that DFMO may be targeting CSCs in NB [22] [25] . Used in combination with other agents that also target CSC pathways, DFMO could offer a novel chemotherapeutic approach to increase long-term survival for patients with NB, as well as several other cancers associated with overexpression of LIN28.
Bortezomib (PS-341, Velcade) is a potent and selective proteasome inhibitor, shown to sensitize human colorectal cancer cell lines to camptothecin analogues [26] . This drug is approved by the US FDA for treatment of multiple myeloma and relapsed/refractory multiple myeloma [27] . Proteosome activity is associated with the activation of NF-kB signaling pathway due to the degradation of IkB protein by proteasomes [28] . Since increased LIN28 expression correlated with increased NF-kB transcription factor [29] , bortezomib may further inhibit LIN28 mediated pathways in NB including glycolytic metabolic activity. Several studies have identified cell death with bortezomib in NB [30] [31] [32] . In order to overcome drug resistance in several tumors, numerous studies have evaluated the antitumor effects of bortezomib in combination with other therapeutic drugs [33] .
The present study aimed to investigate both the therapeutic impact and mechanism of DFMO and bortezomib drug combination on NB cells. We hypothesized that the combination treatment would synergistically inhibit cellular proliferation, impact protein expression in the LIN28/Let-7 pathway, reduce glycolytic metabolic activity in NB cancer cells, and reduce tumor growth in xenograft mice. The proposed DFMO and bortezomib target pathways are summarized in Figure 1 . Results of this study revealed that synergistic effect of DFMO and bortezomib was observed in cells overexpressing LIN28 and MYCN but not in cells with low LIN28 expression. These findings suggest that combined drug therapy of DFMO and bortezomib may be beneficial to HRNB patients with MYCN amplification and with high LIN28 expression.
Materials and Methods

Compounds and Reagents
The ODC inhibitor Difluoromethylornithine or DFMO (kindly provided by Dr. 
Cell Lines and Culture
Single and combination drug tests were conducted on two human NB cell lines: were plated at 5000 cells/well. In 6-well plates, BE(2)-C cells were plated at 100,000 cells/well. All plated cells were allowed to adhere overnight and grown to 60% -70% confluence within the well prior to drug treatment.
Cell Viability
Calcein AM fluorescent assay (Life Technologies, Grand Island, NY) was used to determine cell viability in 96-well plates. Cells were treated with increasing concentrations of DFMO (0.15 -40 mM) or bortezomib (0.31 -40 nM) in RPMI-1640 with 10% FBS for 72 hrs. After 48 hrs, drug solutions were refreshed. Once cells underwent incubation with drug for 72 hr, the medium was aspirated and replaced with phenol-red free RPMI medium containing 2 µg/mL Calcein AM.
After 30 minutes incubation at 37˚C, fluorescence was measured at 480ex/520em with a BioTek plate reader (BioTek Instruments Inc., Winooski, VT).
Ray Design Analysis
Calcein AM fluorescent assay (Life Technologies) was additionally employed for ray design cell viability analyses with DFMO in combination with bortezomib.
BE (2) 
Cell Lysis and Protein Assay
Western Blot Analysis
Samples were diluted in RIPA lysis buffer to yield equal protein concentrations within each sample. Fifty micrograms of total protein for BE(2)-C cells and SMS-KCNR was loaded per lane. Gels were semi-dry transferred to nitrocellulose membranes using the Turbo Transfer system with Turbo Transfer buffer (Bio-Rad). Primary antibodies used were: rabbit polyclonal LIN28B, rabbit po-lyclonal MYCN, rabbit polyclonal NF-kB, rabbit polyclonal Cleaved Caspase-3 and Caspase-3 (Cell Signaling), and goat polyclonal β-actin (Santa Cruz Biotechnology). Goat anti-rabbit and Donkey anti-goat HRP-IgG secondary antibodies were used (Santa Cruz Biotechnology). Protein bands were detected with western ECL substrate (Bio-Rad) by chemiluminescence on ChemiDoc TM MP System (Bio-Rad). Optic density of each band compared to the normalized actin bands was determined using Image Lab Software (Bio-Rad). A fold-change of ≥2 was used as a statistical parameter for this.
ATP per Cell Assay
The Cell Titer GLO luminescent assay (Promega, Madison, WI), which measures total ATP levels, was combined with the CyQuant fluorescent DNA assay Plates were rocked on an orbital shaker for 3 minutes at 20˚C to induce cell lysis, and then were incubated an additional 10 minutes at 20˚C to allow luminescent signal stabilization. Luminescence and fluorescence data were recorded using a Wallac plate reader and Envision software (GMI Inc., Ramsey, MN). Cell Titer GLO data were divided by CyQuant data and normalized to vehicle wells in order to analyze data.
In Vivo Studies
In vivo drug studies were conducted with six-week-old female nude mice (nu/ 
Statistical Analysis
Cell viability experiments were replicated (n =2) for statistical significance. 
Results
DFMO and Bortezomib Inhibit NB Cell Viability
The effect of DFMO or bortezomib on NB cell viability as independent therapeutic treatments was determined and quantified in two NB cell lines, BE (2) 
DFMO in Combination with
Effect of DFMO and Bortezomib on the Expression of LIN28B, MYCN and NF-kB Proteins in NB Cells
BE(2)-C and SMS-KCNR cells were treated with DFMO (2.5 mM) or bortezomib (5 nM, BE(2)-C or 2 nM, SMS-KCNR) or a combination of both for 48 hr or 72 hr. Expression of LIN28B, MYCN and NF-kB were examined by Western Blot analyses and quantification was performed as described in material and methods. In BE(2)-C cells, expression of LIN28B, MYCN and NF-kB were inhibited by treatment with DFMO alone or bortezomib alone, which was further inhibited by combination treatment at both time points (Figure 3(A) ). Treatment of SMS-KCNR cells shows a similar but less pronounced pattern to BE(2)-C.
Effect of DFMO and Bortezomib on the Apoptosis Marker Cleaved Caspase-3 in NB Cells
To examine whether DFMO or bortezomib induced apoptotic pathways in NB cells, BE(2)-C and SMS-KCNR cells were treated as above and expression of cleaved caspase-3 and total caspase-3 were examined by western blot analyses.
For BE(2)-C cells, there was an increase in cleaved caspase-3 expression in bortezomib and combination treated groups but not in the DFMO treated group at both 48hr and 72hr (Figure 3(B) ). Expression of total caspase-3 remains unchanged. There was minimal change in cleaved caspase-3 or total caspase-3 protein levels in SMS-KCNR cells with a slight increase in the treatment groups as compared to vehicle at 48 hours (Figure 3(B) ).
DFMO and Bortezomib Inhibit Glycolytic Metabolism in NB Cells
In order to quantify the combination effect of DFMO and bortezomib on glyco- 
DFMO and Bortezomib Exhibit Antitumor Activity in Tumor-Bearing Mice
SMS-KCNR cells were injected subcutaneously in nude mice as described in material and methods. When tumors were palpable at 7 -10 days, mice were and bortezomib (9 mice per group). We found that DFMO as a single agent therapy or in combination with bortezomib can notably decrease tumor volume compared to vehicle control ( Figure 5(A) ). Bortezomib, as single agent, had no significant effect on tumor growth as compared to vehicle ( Figure 5(A) ). These results were further confirmed by growth curve analysis which revealed that DFMO alone or in combination with bortezomib significantly suppressed tumor growth (p < 0.05) on day 22, but not by bortezomib as single agent ( Figure   5(B) ). Mice treated with combination of DFMO and bortezomib had significantly higher time-to-threshold tumor volume of 2500 mm 3 as compared to vehicle treated group with a p value of 0.01 ( Figure 5(B) ).
Discussion
Combination drug therapies offered several advantages such as better efficacy, decreased toxicity, and reduced development of drug resistance. These potential benefits result in an increased interest in combination therapies for the treat- Interestingly, sensitivities of NB cells to DFMO and bortezomib were correlated with LIN28B transcript levels. Previously, we reported that BE(2)-C cells expressed high levels of LIN28B and MYCN whereas SMS-KCNR cells expressed high MYCN but low LIN28B transcripts [25] . We observed that combination therapy of DFMO and bortezomib produced higher synergistic effect in BE(2)-C cells as compared to SMS-KCNR cells, which correlated with their LIN28 expression levels. These results also suggest that although DFMO and bortezomib act on different targets, they may mediate their actions, at least partly, through a common mechanism involving LIN28. DFMO works by irreversibly binding to and inhibiting ODC, the rate limiting enzyme in polyamine biosynthesis and the upstream regulator of LIN28 expression [25] [40] . Polyamines are also shown to regulate NF-kB pathway [41] . Bortezomib, on the other hand, is a proteasome inhibitor that prevents degradation of IkB, the inhibitor of NF-kB [28] . NF-kB is a transcription factor known to regulate expression of variety of genes in cell proliferation and differentiation pathways including antiapoptotic genes and proinflammatory cytokines [42] . Studies have linked a role of NF-kB in chemoresistance, metastasis and recurrence in high-risk neuroblastoma [43] [44] . NF-kB is known to activate LIN28 transcription directly [29] . These suggest that polyamine depletion through DFMO or proteasome inhibition through bortezomib should inhibit LIN28 pathway. Indeed, we found inhibition of NF-kB expression by DFMO and bertezomib in NB cells associated with LIN28 downregulation.
Although, both drugs inhibit NF-kB, only bortezomib caused activation of apoptotic pathway in these cells. A similar effect was seen in combination treatment suggest that DFMO did not interfere in bortezomib induced apoptosis.
ATP-per-cell assays provided an experimental application for analyzing changes in bioenergetics of NB cell lines treated with DFMO and bortezomib.
Studies have shown that LIN28/Let-7 pathway plays as an upstream regulator of glycolytic metabolic activity in cells [45] . Interestingly, recent studies have
shown that CSCs thrive in anaerobic conditions due to their dependence on glycolytic metabolism for ATP production [46] . Glycolytic metabolism is often high in cancers due to a phenomenon called the "Warburg effect" when cancer cells are reprogramed to produce ATP primarily via glycolytic metabolism as opposed to oxidative phosphorylation metabolism [47] [48] [49] . Our data showed significant decreased ATP-per-cell activity in both BE (2) 
Conclusion
This study is the first to support DFMO in combination with bortezomib as a possible treatment for NB targeting the MYCN, LIN28 and NFkB pathways. This is important since MYCN and LIN28 overexpression have been shown to be independent risk factors for adverse outcome in neuroblastoma. Future laboratory analysis and clinical studies will provide insight to the role of DFMO and bortezomib specifically in CSCs which utilize the LIN28/Let-7 pathway. Due to the high rates of relapse and metastatic disease for children with NB, combination treatments targeting several pathways, specifically in cancer initiating cells, are essential to provide greater opportunities for remission and long-term survival to patients.
